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Abstract. Cabon sequedtration is the criticd “thirdkoption” for addressing greenhouse gas
emissons, dong with increesed energy efficency and expanded use of low-cabon fuds.
Together with technology progress, these three options can provide the Nation with the ability to
sustan economic growth through affordeble energy, while meeting environmentd and carbon
emisson gods (Beecy and Kuuskraa, 2000).

Cabon sequedtration in geologic formations, one of the options for carbon management, entals
adapting natural processes that have been storing CO2 and methane (CHa4) (another greenhouse
gas) for geologic times. Some nearly pure CO:. is extracted from geologic formations (or
industrid  processes) and reinjected back into geologic formations to enhance recovery of oil and
codbed methane. Future research may even unlock the process for converting CO» back into
methane. As such, there are both near-tem opportunities and longer-terem  possibilities for
geologic sequedration to be amgjor option for carbon managemen.

Introduction. As concerns increase about the adverse impacts of anthropogenic emissions of
greenhouse gases on globd climae, it may become necessry to dgnificantly reduce these
emissons From the perspective of fossl fues the source of a subgantia portion of these
anthropogenic greenhouse gas emissons, the indugtry has three mgor options (1) improving the
efficiency of energy production and use (2) reducing the carbon content of fuds through
increesed use of naurd gas and non-carbon fuds (eg. renewables and nudear); and, (3)
sequedtering the emisson of cabon dioxide ~ The third option, carbon sequedration, is
increesngly seen as a cod-effective drategy for achieving degp reduction in carbon dioxide (and
carbon) emissons (Herzog, Drake and Adams, 1997).



Cabon sequedration is a rdaivey new fidd of science and technology. However, interest in it
has been growing rapidly. In 1998, the Depatment of Energy’s Office of Fossl Energy
(DOE/FE) and Office of Science (DOE/OS) set forth their joint “roadmap” for carbon
Sequedtration as an option for addressing dimate change concerns.

The roadmap identifies severd dterndives for sequestering carbon including enhancing natura
cabon snks cgpturing COz; and doring it in geologic formaions or the deep oceen, and
converting CO. to benign solid materids or fuels through biologicd or chemicd processes. The
DOE's Office of Fossl Energy, in partnership with industry, the International Energy Agency’s
Greenhouse Gas Research and Development Programme and others, has underway a Carbon
Sequedtration Research and Development Program that addresses a broad range of sequestration
options. In padld and cosdy coordinated, the Office of Science has launched their Carbon
Management Science Program.

Vision for Geologic Sequestration. The vison for the Sequestration R&D Program is to
deveop the essentid scientific understanding of sequedtration and develop cost efficient options
that ensure environmentally acceptable sequestration to reduce anthropogenic CO2 emissions.

In the near term, the progran will emphasze options for “vadue-added’” geologic
seguedtration with multiple benefits, such as usng CO: for enhanced oil recovery and
cod bed methane production.

Ove the long-term, the program will pursue R&D on biogenic converson of CO: to
methane, fird by better understanding the naturd converson processes that have been
underway over geologic time. The program will dso examine the feeshility of other
vaue-added sequedtration options such as erhanced gas recovery and will seek to better
undersand the options for CO. dorege provided by the naion's extensve <dine
formations. The program seeks to use early successes in niche, vaue-added gpplications
to attract indudtry interest and participation in advanced sequestration concepts and R&D.

Putting the Carbon Back in the Ground. With the passage of time, plus temperature and
pressure, the carbon in plants and fossls buried underground has been converted to petroleum,
cod and other fossl fuels. These are the same fossl fuels that are the source of the carbon
dioxide emissions that we now seek to reduce. The vison for geologic sequedtraion is “putting
this carbon back in the ground.”

Under the surface of the earth, in the U.S. and many areas of the world, are Structures that once
were filled with oil and gas but now have space that could be used for storing CO.. Under the
right geologic setting, a portion of this injected CO; may be converted to fixed minerds or, in the
presence of methanogens, back to methane (Beecy and Ferrdll, 2000).

Other dructural settings, lacking the presence of hydrocarbons, are filled with sdine waters |eft
over from pre-hisgtoric seas. These gructures could aso serve as Stes for carbon dioxide storage,
disdacing the water in the Structures or becoming dissolved in the sdine water itsdf, much as is
the case with naturd minera water — “mit gaz.”



Role of Naurad Andogs One of the man issues surrounding geologic sequedration is its
rdidbility for long term CO: dorage. Opportunities exig for understanding the long term
behavior and safety of these underground carbon dioxide dorage Stes from rigorous study of
“naurd andogs” In cetan geologic and high temperaure settings, the hydrocarbons in a
reservoir have been converted to carbon dioxide In other settings, carbon dioxide from deegper
sources has migrated and become trgpped in these underground structures.  In ether case, the
cabon dioxide in these “naturd andogs’ has exiged and been sared for millions of years
Underdanding the interactions of carbon dioxide with formation water, rock and minerds and
assessing the seds and leskage (if any) of naturd CO; dorage Stes can provide vaduable ingghts
and data obtainable in no other manner.

Vaue-Added Geologic Sequedretion. As introduced above, some of the geologic seitings offer
the potentid for vadue-added byproducts, helping defray some of the costs of cabon
sequedtration. Notable examples are the injection of carbon dioxide for enhanced oil recovery
and enhanced coabed methane production. Numerous barriers dill exist in usng these options
for carbon dioxide dorage, such as reconciling the conflicts between achieving lowest cost
oil/methane recovery and maximizing CO; sequedtration. In dl cases, adding gppropriate long
term monitoring and verification to the COz injection and storage process will be essentid.

The adaptation of these exising technologies can provide viable near term options for geologic
sequedration. In the longer term, condderdble ressarch and technology demondration will be
required to fully define and lower the costs of advanced options such as sdine formation
dorage, biominerdization, or even CO: conveson through methanogens or  biomimetic
appraeches.

Capacities of Geologic Sinks. Numerous natura sinks exist for storing carbon in the form of
cabon dioxide -- depleted ol and gas reservoirs, degp cod seams sdine formations, rock
caverns and mined sdt domes. These geologic snks hold consderable capacity, both in the U.S.
and worldwide, sufficient to dore dl expected increases in carbon dioxide emissons for the next
many hundreds of years.

The technology for injecting carbon dioxide back into the ground is established. Oil producers in
the Permian Basn of West Texas and in the Rocky Mountains have been injecting carbon
dioxide for enhanced ail recovery (EOR) for more than 25 years. In addition, the operation of the
underground natural gas dorage sysem, with its annud cycles of naurd gas injection and
withdrawd, offers a consderable base of geologic and engineering experience relevant to carbon
dioxide injection and sequedtretion.

Depleted Oil and Gas Fidds  Depleted ol and gas fidds provide some of the larged,
geogrgphicdly diverse vaue-added geologic snks. The “vdue-added” is from the additiona
production of oil (and possbly naurd gas) which would hdp defray some of the codts
asociated with carbon dioxide trangportation and injection.




A recent study by Advanced Resources Int. for the Internationd Energy Agency’s Greenhouse
Gas R&D Programme and the Department of Energy assessed the potentid for sequestering CO2
in depleted oil and ges fidds (Stevens, Kuuskraa and Taber, 1999). This study edablished that
98 hillion metric tons (Bt) of COz (27 Btc) storage capacity exidts in the U.S. with 923 Bt of CO;
(252 Btc) storage capacity worldwide, Table 1.

Currently, an estimated 30 million metric tons (MMt) of COz (8 MMtc) is injected annudly into
oil fidds as pat of enhanced oil recovery, induding 6 MMt of CO2 (2MMtc) of high purity
anthropogenic waste CO. from gas processing, fertilizer and cod gedfication plants. One of the
most visble new internationd fidd projects is in the Weyburn oil fidd, Sasketchewan, Canada
where vented CO. from the Dakota Gadfication Plant in North Dakota is trangported by a 300
kilometer pipeline to the fidd dte A totd of 20 MMt of COz (6 MMtc) will ultimatey be
sequestered at Weyburn.

Deep Coad Seams. Desp, unmingble coal seams offer a second st of geologic Snks for
sequestering carbon dioxide. As in oil fidds, the injection of cabon dioxide can lead to
enhanced recovery of methane from these cod seams providing a second vaue-added Storage
dgte. An update to an earlier study by Advanced Resources Int. (Stevens and Kuuskraa, 1998)
shows that deep cods have 52 Bt of CO: (15 Btc) storage capacity in the U.S. with 220 Bt of
CO2 (60 Btc) of storage cagpacity worldwide, Table 2.

Currently, a fiedld scade demondration pilot involving injection of carbon dioxide into cods for
enhanced codbed methane recovery is underway in the degp Fruittand Formation of the San Juan
Basn. Burlington Resources, the operator of the demondration pilot, is injecting approximately
70 thousand metric tons of CO; annudly into the desp cod formation with promisng results A
second, smaler enhanced codbed methane R&D project involving CO:z injection is bang
conducted by the Alberta Research Council in Canada, and a new, fidd based ECBM effort is
being launched in the Sen Juan Basn involving Advanced Resources, BP and Burlington
Resources.

Gas Shdes Organicdly rich gas bearing shdes, such as the Devonian shdes in the Appdachian
Basn, dso provide an opportunity to store carbon dioxide while enhancing the recovery of gas
from shdes (EGSR). While subgtantid basc information and R&D are required to better
understand the vaue-added opportunity, the carbon dtorage capacity of gas shdes may gpproach
that of deep coa seams.

Sdine Formations. The lagest but leest defined of the geologic snks occur in degp <dine
formations. Such formations are broadly distributed across the US and much of the world. While
these anks offer no value-added products, they have the advantage of being in dose geographic
proximity to CO; emisson sources. The esimaied carbon dioxide Storage capacities for sdine
formations are large, though 4ill to be defined, in the U.S. and severd thousand hillion tonnes
worldwide.



An innovative tet of CO; storage in sdine formations is undeway a Sepner FHed in the
middie of the North Sea. Approximatdy 1 million metric tons of CO; is being injected annudly
into the sdine Utdra Formation a Sepner, with 2.5 million metric tons having been injected to
date.

Summary. The currently defined sorage capacity in geologic sinks is large, sufficient for many
hundreds of years of carbon sequedtration. Moreover, as these snks are further assessed for
maximizing carbon dioxide dorage, these capacities will undoubtedly increese. The next mgor
chdlenges for geologicd dorage are to: (1) undersanding the requirements and costs of adapting
these dtes for long term gdorage of carbon dioxide (2) ensuring that the carbon dioxide will be
dored in a safe and ewironmentdly sound manner; and, (3) edablishing the gopropriate
monitoring and verification sysems for the broad geologic spectrum of storage options.

Current Status and Future Directions. Currently, the highest priority research activities for
geologic sequedration are those which can help resolve technicd, economic and environmenta
uncertainties that would enable CO. sequedration usng enhanced oil and cod bed methane
recovery to move forward to large-scde deployment. Mgor emphasis will be placed on
devdoping acceptable monitoring and verification processes. As additiond  funding becomes
avalable, research will begin to address vaue-added CO. dorage options, such as gas-bearing
shdes and other gas reservoirs, and sequedtration in deep sdine formations.

For the longer term, we will seek to explore more chdlenging scientific frontiers. One area is to
determine whether the emerging knowledge base about biogenic methane, produced by the
reduction of CO;, can lead to commercdly viable processes for the converson of manmade
CO2 to methane a dtes specificdly desgned for that purpose. If economicdly viable concepts
can be developed in this areg, this could provide a pathway to a sustainable “methane economy”.

The U.S. Congress has gppropriated $19 million of R&D funds for fiscd year 2001, which
darted on October 1, 2000. R&D funding required to maintain the schedule of the 15-year plan,
outlined in Table 2, is $40 million in 2002. The program is dso exploring funding opportunities
to expand technology deployment of cabon sequedration in cooperaion with indusry and
developing nations

In the coming years, the program will be seeking to expand its partnerships. In May 2001, the
program is sponsoring the First Nationd Carbon Sequedtration Conference, in Washington, D.C.
The conference theme is “Progress Through Partnerships’ and will cover dl aspects of
sequedration. As the recently funded partnership projects get underway, the program will be
exploring opportunities to expand collaborative R&D in cooperation with indudrid  partners,
usng these projects as “hod-gtes’ for expanded internationa cooperation in a manner Smilar to
what is occurring with the Sepner Sdine Formation CO; Storage (SACS) Joint Industry
Program (JIP) in the North Sea.

We ds look forward to expanding our exiding cooperative efforts with the Europeen
Commisson, Canada and Audrdia, including the GEODISC Consortia, and to building new
“Partnerships For Progress’.



If you are interested in warking with the Carbon Sequestration Program, please vist the DOE or
NETL website or establish contact with the persons listed below.

DOE Carbon Sequestration Page @

http://www.fe.doe.gov/cod_power/sequestration/index.html
NETL Carbon Sequestration Page @ http://www.netl.doe.gov/technologies

Chuck Schmidt David Beecy

National Energy Technology Laboratory Office of Environmental Systems

Office of Fossil Energy Office of Fossil Energy

(412) 386-6090 or (301) 903-2786 or

Schmidt@netl.doe.gov david.beecy @hqg.doe.gov
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Table 1. Capacities of Geologic Sinks

u.S. Worldwide

CO» Carbon CO» Carbon

(Bt) (Bt) (Bt) (Bt)
Depleted Oil and
GasFields 98 27 923 252
Deep Coals 52 15 220 60
Gas Shales equal to coal ? TBD TBD
Saline Formations large large very large very large

Table 2. 15-year Resource Requirements for the Carbon Sequestration Program
(millions of 1999 U.S. dollars)

2000 | 2001 | 2002 | 2003

2004

2005 | 2006 | 2007

2008 | 2009

2010 | 2011 | 2012

2013 | 2014 2015

9.2 | 19.5 40 57

63

73 75 80

85 80

75 70 60

50 45 40




